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SUMMARY

An alternate field joint design has been developed by LaRC. The design
effort was limited to a period of approximately three weeks in order to meet
schedule constraints imposed by NASA Headquarters. The design has not been
optimized for weight reduction but has been developed with safety as the highest
priority. All design requirements for the SRB have been considered in addition to
the evaluation criteria developed by LaRC to assess other candidate SRB joint
designs.

Design features of the joint include a bolted in-line flanged joint with two
face seals, one an elastomer "0" ring and the other a metal "C" ring. These static
seals are seated at installation, remain seated and can be verified by pressure
testing. The joint is preloaded to prevent gapping between sealing surfaces
- during flight. An inner 1iner seal together with an interference fit of the liner
faces of the two mating segments protect the joint from hot gases. The in-line
bolted concept requires the bolts to be parallel to the casing causing protrusion
into the propellant volumne. Also, the in-line joint weighs about 940 1b more
than the clevis-tang design but the effects are minimal because the propellant
loss offsets the structural weight increase. Shuttle performance is slightly
altered because of the structural and propellant weight exchange.

An internal soft seal is compressed between rigid insulating rings preventing
hot gases from reaching the pressure shell. Thermal analysis has shown this
concept to be acceptable, even in the event of a failure in which a gap to the
shell is opened. A smooth fairing covers the external surface of the joints for

aerodynamic purposes and thermal protection.




A goal that was not satisfied was zero opening of the seal gap under load.
Early analysis indicated that a small gap would develop at the flange sealing area
of approximately .002 to .007 inches. The metallic "C" ring was included in the
design to accommodate the expected flange deflection. Metallic "C" rings have
sufficient low temperature response characteristics and springback margin to
remain seated throughout an STS mission. Further studies (which are not complete)
have indicated that the gapping can be reduced on an optimized design.

Manufacture of the new joint is within the capabilities of the vendors but
will cause at least a 12-month impact to the current STS Program schedule for
development of a new SRB joint.

Verification testing of the new design does not represent a major problem and
in fact may be more straight forward than required by redesigned joints which
utilize the same forgings. This design can be further optimized to reduce

structural weight and minimize propellant loss.




INTRODUCTION

LaRC was requested by NASA Headquarters to develop a concept for the SRB
field joint without the constraint of using existing forgings. An evaluation team
was assembled at the LaRC and developed criteria (table 1) for an acceptable
design that would meet the objectives for a safe, reliable, and analyzable joint.

The team, using the design criteria, proceeded to develop a concept in a
period of three weeks. Several concepts were evaluated before the In-Line
Bolted-Joint Conceptual Design (figures 1 and 2) was selected. The design
contains two flanged face seals that are preloaded by bolts and remain seated.

The seals selected were a metal "C" ring and a Viton elastomer "0" ring. Internal
insulation protects the seals from hot motor gases and the outside of the SRB case
joint is protected from aerodynamic heating by a cork covering.

The design has not been optimized and several areas need additional study and
analysis (i.e., weight reduction, high stresses, and propellant volume displace-
ment) to determine the impact on the shuttle performance. The details of this

design are covered in the following sections of this report.




SRB IN-LINE JOINT CONCEPT

Configuration Description

The Space Shuttle Solid Rocket Booster (SRB) is composed of several
subassemblies; the nose cone, solid rocket motor, and the nozzle assembly. Each
SRB motor is made of 11 individual cylindrical weld-free sections about 12-feet in
diameter. After assembly they form a cylinder about 116 feet long. The 11
sections consist of the forward dome section, six cylindrical sections, the aft
external tank-attach ring section, two stiffener sections, and the aft dome ’
sections. /

The 11 sections of the SRB case are joined by tang-and-clevis joints held
together by 177 steel pins around the circumference of each joint. After the
sections have been machined to close tolerances and fitted, they are assembled at
the factory into four segments. These four cylindrical segments are then cast
with propellant and shipped to KSC for assembly. The joints assembled at the
factory are called factory joints and the joints between the four propellant-
filled segments are called field joints. The in-line joint concept represents a
redesign of the field joint.

The SRB joint concept (figures 1 and 2) developed by the LaRC is a face
sealed in-1ine bolted joint. (In-line indicates that the fastener centerline is
parallel to the centerline of the cylindrical pressure vessel.) This concept was
selected because face seals are much less prone to leakage in a dynamic
environment than the gland type seals used in the existing design on STS.

The joint geometry was selected to minimize the forces and moments that tend
to reduce seal effectiveness. Integral flanges are attached to the pressure

casing with gussets located between the 144 fasteners, The preloaded fasteners




assure that seal area flange deflection is minimized during the ignition and
burning of the SRB.

The seal configuration selected consists of a Viton elastomer "0" ring on
the inside and a metallic “C" ring on the outside. It is felt that this con-
figuration will be tolerant to the prelaunch temperature variations experienced by
the STS.

A cork fairing is bonded over the in-line joint to protect the fasteners and
'flange from external heating and to assure that aerodynamic drag losses are mini-
mized. A smooth bonding surface is formed by filling the void between the gussets
with foam. The cork is then bonded to the cylindrical portion of the motor case
as well as over the gussets and foam.

Rigid rings compressing a soft elastomer seal (figure 3) protect the SRB case
and the face seals from internal heating. These rings are molded phenolic-silita
and the elastomer seal is a low durometer NBR. Bonding is the proposed method for
attaching the rings to the Steel case and the NBR liner. The purpose of the soft
seal is to fill voids that may result from manufacturing tolerances.

Thermal analysis results indicate that this concept will perform
satisfactorily even if the interior 50 percent of the rings are burned away and
local gap openings form. A feature of the rigid ring concept is that the gap
formed between the rings and soft seal, when exposed to a temperature drop, will
be extremely small when compared to the current design. The rings will remain

bonded during horizontal testing and allow for propellant venting.




Design Considerations and Tradeoffs

Several configurations, components, materials, etc. were investigated for

each element of the in-line bolted joint concept. Some of these considerations

and tradeoffs were:

o

0

0

Joint deflection
Weight increase and joint gaps
Drag
Thermal protection pf seal area
- Preloaded insulation joint interface
- Bonded insulation joint interface
Bolt size and spacing, and web/flange thickness ratio
Materials - space qualified, if possible
Forging sizes - use of existing billets and minimum additional tooling
Handling at KSC - assembly/disassembly

Manufacturability - can tolerance requirements be met

Final selections evolved from a series of iterations and working level

reviews comment by the design team.

Two of the alternate structural configurations that were considered are shown

in figures 4 and 5. The primary variable was the location of the bolts relative

to the basic pressure vessel wall. Fastener tradeoff studies considered number

and size as well as bolt and nut or stud and nuts. Bolt size and spacing data are

summarized in table 2.

Several flange seal variations were considered and those determined to be

leading candidates are shown in table 3; materials included Viton, Inconel 718 and

others. It is felt that the Viton will seal satisfactorily at -15°F when used in




face seal applications. Seal design concepts considered were solid cross section
elastomer "0" rings, tubular metallic "0" rings and metallic "C" rings. Tubular
metallic "0" rings were rejected because of the high loads (1200 1b/in) required
for seating. "C" rings require about 450 1b/in to seat and elastomer "0" ring
seating requirements are minimal for face seals.

Other liner seal concepts considered are shown in figures 6 and 7. The
bonded and putty filled methods were rejected because it was felt that there could
be a structural failure of the ring internal surface due to internal pressure.
Also, the bonded joint would be very difficult to disassemble and the putty
distribution would be hard to control at assembly. The unbonded joint was
rejected because it did not address the criteria requiring that no hot gases reach
the SRB case.

Table 4 contains weight comparison between the present design and the 51-L

design. Details of the weight tradeoff study are discussed later.

REQUIREMENTS
General
Design Requirements utilized in the design of the in-line bolted joint;
along with those of table 1 were:
o Forging thickness requirement to be less than 3.5 inches
o In the event of the internal seal failure a tortuous path greater
than 212" long betwe=~ h “ gas and pressure shell shall be provided

o Seal material volatile content less than that of the NBR




Loads
The loading condition analyzed in this report is associated with the SRB
ignition stage, and represents the highest 1oading that occurs on any joint during
flight. This loading condition was chosen to analyze a worst stress situation.
The loads shown below occur toward the forward end of the SRB at station 531 and
can be referenced in "Space Shuttle High Performance Motbr SRM Case Stress
Analysis", document number TWR-12968 Rev. A, Section II11.1, dated January 10,
1983, prepared for NASA by the Thiokol Corporation.
1. Internal Pressure: 988 psi (1000 psi used in analysis)
Maximum Axial Load: 17.8 x 106 1b (18 x 106 1b used)
(includes the effect of a bending moment of 95.1 x 106 in-1b)
. See STRUCTURAL ANALYSIS section for further discussion of the loads.
2. Seal Loads
"C" seal seating force
450 1b/in. combined with other loads
Factors and Margins of Safety

o Factor of Safety (f.s.)

1.4 on ultimate strength

1.25 on yield strength

Bolt preload is 70 percent of ultimate strength

Required number of bolts is 1.5 times the number needed
to balance the axial load based on the bolts being loaded

to 70 percent of ultimate strength




o Margins of Safety

> 0 when computed as follows:

MS = allowable load -1
T1mt Toad x f.s.

where the following definitions apply:
- Limit load is the maximum expected load
- Allowable load results from combining element section
and material strength properties that have received

general acceptance for use in design

Internal Environment

The hot gases produced from the burning of the SRB propellant determine the
internal environment design requirements for the in-line joint. Steady state as
well as dynamic effects were considered. Steady state gas temperatures,
pressures, and properties are presented in table 5.

Dynamic effects considered are the result of small pressure fluctuations in
the SRB during propellant burn. - These acoustic pressure oscillations are 1.92 psi
(0 to peak) with a predominate frequency of 15 hz as measured by NASA-MSFC. The
hot gas effects are applied throughout the two-minute burn period.

In-line joint subsystems affected by lift-off noise, pressure gradients, and
plume impingement were designed to be similar to, or stronger than, related items
on the clevis-tang design. Maximum predicted SRB external temperatures were used
to design the in-line joint fairing and heat protection because heating rate
information was not available.

The'temperature-time histories predicted from data supplied by MSFC are

summarized below:




0 - 150 sec.; aerodynamic heating
maximum cork temperature: 375°F
maximum cork/SRB temperature: 255°F

150 - 260 sec.; cooling

260 - 310 sec.; internal heating
maximum cork temperature: 465°F
maximum cork/SRB temperature: 240°F

The maximum temperature of the exposed flange when subjected to the above

conditions is predicted to be 275°F.

WEIGHT AND PROPELLANT CONFIGURATIONS

Since the weight is a major consideration of any SRB redesign, LaRC has
reviewed various design options for reducing the weight. One such approach which
shows promise includes the use of a larger number of smaller bolts. Due to the
time allowed for this study the details on a lighter weight design have not been
completed.

Weight comparisons between the proposed SRB joint redesign and the existing
joint were made choosing 12 inches on either side of the case interface as a
reference length. Nominal dimensions were used in all calculations. Case weights
were based on their volume times a density of 0.283 pounds per cubic inch.
Propellant weight loss of the redesigned case was equal to the volume displaced
times a propellant density of 0.064 pounds per cubic inch. Figure 8 and figure 9
show a section of the proposed redesigned SRB joint and the existing design,
respectively. Figure 10 shows an overlay of the two designs. Table 4 summarizes

the weight of the two designs. Ear~h SRB contains eight clevis-tang joints, three
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of which are termed "field" joints. If a decision is made to incorporate this
redesigned joint, all eight joints would be candidates for change. The resulting
weight gain per SRB in case material would be 7544 pounds (943 1b per joint)
including fasteners. The propellant volume loss per joint due to an incursion of
the redesign is 15,700 cubic inches. The weight of this lost propellant is 942
pounds per joint, or 7536 pounds per SRB. In order to assess the impact of the
combination of weight increase and propellant loss on STS payload weight, a three-
degree-of—freedoﬁ trajectory simulation was developed for a typical Shuttle
flight, with and without wing normal force constraints, from lift-off to main
"engine cut-off. Variations of each of these two baseline cases were analyzed in
which the available propellant in the SRB's was reduced by an increment of weight
and the structural weight of the SRB's was increased by that same increment of
weight., Also, the gross lift-off weight was reduced by the amount of payload
reduction. Figure 11 summarizes the results of the cases studied in terms of
payload reduction versus the increment of weight transferred from SRB propellant

to structural weight.

SUBSYSTEM DESCRIPTIONS
Fasteners
The in-line joint flange fasteners were critical to the design due to the

high loads involved. Because of this criticality, it was decided to select units

already qualified for use on the STS. Standard Pressed Steel Incorporated 114-inch

MP35N studs with Inconel 718 nuts were determined to be the best choice.
This fastener combination was extensively tested by NASA-MSFC before

incorporation into the STS ~omponent inventory and the results are presented in
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reference 1. The ultimate tensile strength of the studs is guaranteed (by the
vendor) to be in excess of 271,900 pounds. Current STS applications include the
hydrogen/oxygen tank interface structure, wheels, aft skirt attachment and drogue
chute cover attachment. The fasteners will be preloaded to 70 percent of the
ultimate strength. The joint load capability shall be 50 percent greater than the
maximum applied load. The conceptual design shows a stud with a nut on each end.
This was done to expedite removal in the event a thread was damaged during
assembly; however, there is not much difference in the space required between a
stud and nuts and a bolt and nut. If the design is adopted by the STS,

consideration of a bolt/nut combination may be desirable.

Flange Seals

Since sealing was the problem that precipitated this study, considerable
effort was directed toward seals that would not fail when subjected to SRB launch
under any conditions. Elastomer and metallic "0" rings and metallic "C" seals
were evaluated. A Viton elastomer "0" ring and an Inconel 718 "C" seal were
selected as the best combination. Three seal diameters were evaluated (1/4",
3/8", and 1/2") and 3/8" was selected to minimize manufacturing and handling dif-
ficulties. The properties of the seals considered are included in table 3.
Static sealing, tolerances, assembly, and current applications are discussed
below.

It was felt that static face sealing is required for this application. The
sealing surfaces (or gap) remain fixed in the face seal as opposed to possible gap
changes in the current gland sealing. The "0" ring/"C" seal combination was the
only configuration investigated in which the compression loads were low enough to

assure that the flanges in the seal area could be clamped together. Other seals
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are being investigated that will not require a large preload, e.g., spring teflon
seals. Backup sealing is provided by the Inconel 718 "C" ring. The rationale for
this choice is that if the Viton “0" ring experiences a failure, the escaping
gases will be very hot and concentrated, so another Viton ring (600°F melting tem-
perature) may not be effective. The "C" ring can operate continuously at 1800°F
and at intermittent temperatures to 3000°F.

The seal integrity can be verified by pressure testing through flange ports
in much the same manner as the clevis-tang design. The test procedure must be
designed to prevent two anomalies:

(1) A leaking "0" ring must not be masked by the liner seal

(2) The pressurization system must not be capable of damaging

the liner or propellant if the "0" ring does leak

A constant volume test system can be designed to satisfy the above
requirements.

According to the Parker Seal Co. the most common type of failure of static
seals is extrusion of the "0" rings through the clearance gap (table 6). An
established design criteria for elastomeric "0" rings at LaRC is that failure is
assumed if the ring extrudes into the clearance gap, therefore in-line joint
design limits flange deflections (gaps) to very small values. The result of
extrusion is nibbling of the "0" ring at the sealing surface and is documented in
detail in reference 2. Gap deflections presented for the Viton "0" ring are for a
SHORE A durometer hardness of 75 + 5 corresponding to current STS "0" rings. It
is interesting to note that the "C" seal and the "0" rings are almost equally

tolerant of flange deflection at room temperature. Tolerance requirements for
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both seals are less stringent than currently used on the SRB hardware and surface
finish requirements are the same.

Assembly of the "C" ring can be accomplished with four persons. The ring is
very resistant to local distortions. An example is the shipment configuration
where the ring is deformed 15 percent (or 18") into an elliptical shape. The 12
foot diameter required for this application is relatively small when compared to
the 24 foot maximum diameter produced by the vendor. Some field service for small
scratches and other minor damage is available. Applications of "C" seals include
the Peace Keeper Missile (MX), head cap and fuel rod seals in nuclear reactors and

Pratt and Whitney Aerospace jet engines.

External Fairing

In general, it is felt that external heat protection and aerodynamic fairing
for the in-line bolted joint concept are not necessary but a design was developed
to be available if required (figures 12 and 13). The design consists of foam
filler for the pockets containing the nut (or bolt heads) covered by a layer of
cork. Installation begins by casting EPLICON 300 foam in the pockets. The forms
are removed after the foam has cured and the cork is bonded in place with epoxy
adhesive (Hysol EA 934). Future analysis and design effort should be directed
toward determining the need for the fairing and other methods of applying it, such

as a spray-on foam system.

Liner Seal
The liner seal (figure 3) is composed of three elements: A soft NBR seal
compressed by a pair of rigid phenolic-silca rings. The materials function as
charring ablators when exposed to the heat of combustion. This design will

prevent hot gas from reaching the steel SRB case if ignition occurs at ambient
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assembly temperature and allows insignificant leakage to the case if ignition
occurs at lower temperatures. Backup thermal protection is provided through the
tortuous path to the casing.

The reason for selecting the above concept in 1ieu of the current NBR/putty
design can be seen in figure 14. Figure 14a presents a simplified diagram of a
hypothetical NBR liner bonded to a steel case with a non-interference butt joint.
The dark lines represent the butt joint configuration if the temperature is
reduced approximately 70°F. The dashed lines depict further contraction due to
pressure loading after ignition. It can be observed that this configuration would
not prevent gases from reaching the SRB case. In comparison, figure 14b indicates
that the‘gap from the proposed design would be very small when exposed to a 70°F
temperature drop. The differences in the gap results from the NBR lengths
affected by thermal contraction; approximately 86" for the Clevis-Tang Design
because the end is free to move at the field joint allowing contraction toward the
factory joint. Reduction of the effective length of the proposed design was
accomplished by bonding the free end of the NBR liner at the field joint to a
rigid phenolic-silica ring that remains in place when subjected to temperature
changes. The resulting NBR length with a free end in the proposed design is
3/8-inch.

Considerable effort was expended on concepts that required bonding the NBR
joint at assembly, but they were ultimately rejected because verification was not
possible. Consideration was also given to modified versions of the Titan II-C
compression seal but it was determined that thermal contraction of the NBR would
negate the effects of any practical preload. Also, excessive preloading on

elastomer material supporting the rocket motor grain is not acceptable because the
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compressed material would tend to deform inward (away from the SRB case) and
stress the grain. Cracks in a rocket motor grain allow rapid flame penetration
(even if tightly compressed) which would cause hot spots on the case if such a
crack terminated at the liner.

Consideration of the above stated problems and requirements led to the
conclusion that the internal liner seal must be a rigid entity that could seal
without exerting extraneous loads into the grain.

Molded phenolic-silica was chosen for the rigid rings because it has been
used in the past as a charring ablator on LaRC reentry payloads and is currently
in use in the Scout vehicle Algol rocket motor nozzles. Additional design,
analysis and testing will be required to select a reliable method to bond the
rings to the steel SRB case. The bonding system must be pliable enough to resist
prelaunch temperature changes and yet rigid enough to prevent applying stresses to
the grain. One system that should be considered is a thin layer of NBR bonded
between the steel SRB case and the phenolic-silica ring. Final machining of the
rings would be performed after bonding is completed.

Low durometer hardness NBR is the primary candidate for the compression seal
but a new compound must be developed that reduces the hardness without the addi-
tion of volatiles. Other elastomers must also be considered that are soft and
possess thermal properties equivalent to the NBR liner material now in use. It is
felt that this system offers significant advantages over the current liner and

development would not entail high risk.

Materials
The materials required for the in-line bolted joint are commercially

available and all but two are STS qualified. Molded phenolic-silca is not known
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to be used on the STS but is used in the Scout Algol rocket motor nozzle. The
soft NBR seal will have to be compounded for use in this application. A list of

the intended materials follows:

o Casing - D6AC

o Stud - MP35N

0 Nut - Inconel 718

o "0" Ring - Viton

o "C" Ring - Inconel 718

0o Liner seal - NBR elastomer

0 Liner seal supports Molded phenolic-silica

0 External filler EPLICON 300 foam

0o External Fairing - Cork
0 Epoxy Adhesive - Hysol EA-934
Table 7 summarizes structural, thermal and other properties of the primary

materials.

THERMAL ANALYSIS
The primary objective of the thermal design is preventing excessive
temperature at the seals. Heat transfer ané]yses were performed for cases with
and without gaps in the insulation. Of secondary concern was heat transfer to the
outside of the joint from aerodynamic heating. Because the design for the outside
of the joint is similar to the existing (51L) design, the temperature history is
expected to be the same as that predicted by Thioknl. These temperature

predictions indicate that aerodynamic heating is not a problem.
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A transient temperature distribution in the joint during motor firing was
calculated for two configurations. 1In the first case, the insulation was assumed
to be sealed at the interface. No hot gases would be allowed to reach the flange
seals. The second case assumes a 1/10-inch wide gap at the insulation interface.

Unsteadiness in the flow and the acoustic pressure oscillations were assumed
to cause hot gas mixing in the gap, providing a mechanism for hot gases to reach
the seals. Only half of the actual thickness of the insulation was included in
the models, allowing for possible degradation of the lining during firing. Cork
insulation was assumed at the exterior of the joint.

A coarse overall thermal model of the joint (figure 15) was used to calculate
the temperature distribution for the sealed insulation case. The calculations
were performed using a lumped parameter, finite difference code (MITAS-II). The
solution routine was a transient, implicit forward-backward differencing
algorithm. Results show that after two minutes of firing, the maximum temperature
on the case is 150°F. This is well within the limits of the structure and seals.

For the open gap case, the following approach was used to approximate gas
mixing in the gap. The assumption was made that there is no circumferential flow
in the gap. Because the gas mixing is expected to take place primarily near the
gap opening, an exponential variation of mixing velocity versus path length into
the gap was assumed. The equation V = A exp(-Bx) was used, for which the
constants were evaluated at the gap and a point 1/2-inch into the gap. The gap
entrance velocity is 150 ft/sec. which was derived from using an experimental SRB
A pressure of 2 PSI. A compression velocity at the point 1/2-inch inside the gap
was calculated for the volume change of the gas due to the pressure oscillations.

Cases were run for the 1/2-inch depth velocity being 10 and 100 times this
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compression velocity. The gas temperature results versus path length for these
cases are shown in figure 16. For both cases, the temperature of the gas in the
gap at depths greater than 1.25 inches is not influenced by the mixing velocities
assumed at the gap entrance, but is dominated by conduction. These results are
felt to be conservative and appear consistent with data generated by Thiokol
(Thiokol seventy pound motor test #TSO01A, 5-3-86), but are obviously only a first
approximation to a very complex problem.

A detailed finite difference model of the flange and the seals in the
vicinity of the gap was used to determine temperatures for the above case (figure
17). The insulation is assumed to have a 1/10-inch gap with a path length of
1.5-inch. Because the phenolic-silica insert is rigid, it is felt that any
possible gap openings can be held within this tolerance. The maximum temperature
on the face of the joint is 301°F (figure 18). The maximum temperature at the
seal is 275 °F. These temperatures occur after 120 seconds of firing.

The possibility of developing a leak cavity between the liner seal and "0"
ring seal during firing was not considered in the thermal analysis. The insula-
tion was assumed to have either a perfect seal or gaps existing from the time of
ignition. If a leakrdevelops through the insulation during firing, hot gases will
flow until the pressure on both sides of the insulation is equal. In the joint
design, the volume of gas between the insulation and seals is minimized. This, in
turn, minimizes the time it would take for the pressure to equalize in such an
event. It is expected that the pressure would equalize and hot gases cease to

flow before damage to the seals could result.
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In summary, the thermal analysis shows that the joint remains at very low
temperatures throughout SRB firing if hot gases are prevented from reaching the
seals. If a gap in the insulation is present, the mixing of hot gases into that
gap occurs primarily near the opening. The stagnant gas in the remainder of the
gap acts as insulation. Thus, the joint may still be kept at low temperatures by

providing a long path length through the insulation.

STRUCTURAL ANALYSIS

Included in this section is a description and the results of the design model
used to develop the basic in-line bolted joint concept, and a description and
summary of a detailed finite-element analysis of this concept.

The key to this concept being effective in sealing the joint is the inward
offset of the studs frpm the casing wall, With the centerline of the studs being
located radially inward of the casing's mid-surface, a moment (a couple is
created by the casing's axial load and the bolt load) is induced which tends to
rotate the flange so as to close or seal the joint. This moment more than coun-
teracts the pressure loadings which tend to open the joint. For the usual bolted
exterior flange design, the axial load, as well as the pressure load, tend to open
the joint in the seal region. However, hy locating the studs inboard, the axial

load can be utilized to actually close the joint.

Simplified Model
In order to perform the preliminary sizing of an alternate SRB joint, a two-
dimensional simplified joint model was developed to evaluate four bolt sizes
(1.00", 1.125", 1.25", 1.375") and to determine the number of bolts needed.

Design constraints considered were:
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o External loads (see loads section, page 8)
- 18 million pounds axial force (Tg)
- 1000 psi internal pressure (p)
0o Bolt and nut parameters
- strength
- geometry
o Casing geometry
- 146.1" outside diameter (Ry = 73.05")
- 0.479" shell thickness (t = 0.479")

The two-dimensional joint design model (figure 19), was developed to assess
the force and moment equilibrium of a one-bolt segment of the joint by considering:
the external shell loads, bolt preload, and location and resultant of the bearing
force resultant load. Because of the two-dimensional nature of the model,
equilibrium was necessary only in the axial direction. The forces around the
circumferential direction were assumed, for design purposes, to uncouple from the
axial direction. By fixing the outside radius and thickness of the casing and
working with the nut geometry (table 8) for the four bolt sizes, the center of the
bolt, Ry and inside radius, Rj, can be determined (table 9). The results of this
model defined the joint configuration.

The pressure shell loads are calculated by assuming that the shell is
completely fixed at one boundary (z = Z). Since the joint is not rigid, only
fifty percent of the resulting reaction was assumed to be applied at z = z (equal
to 4.5 times the nut height) as shown on figure 19. These loads are summarized in
table 10.

The minimum number of bolts required for a joint concept was determined by

assuming that each bolt was preloaded to 70 percent of the ultimate strength and
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exactly balanced the applied axial load T,. To give a margin of safety, the total

number of bolts required was taken to be 1.5 times the minimum number required to

balance the axial load Tp, This means that each bolt will preloaded to a value

approximately 50 percent greater than the expected applied axial load per bolt.

Table 11 is a summary of the number of bolts required for each of the bolt sizes
considered.

Having determined the number of bolts and the magnitude and location of the
design loads, the free-body diagram, figure 19, can be used to determine the
centroid of the bearing reaction. It is assumed that the pressure load p is taken
out by the circumferential stiffness of the shell and flange. Also, the axial
component of pressure load is assumed to be negligible.

Axial force equilibrium for a segment yields

Fp=P1 - T (1)
where Fr is the bearing reaction, Pj is the bolt preload, and T is the applied
axial load per bolt.

Moment equilibrium about the center of the bolt at the interface
for a segment yields

T(Rg - t/2-Rp) ~Q2z-M (2)
(Py - T)

In the above formula, the quantity "a" is the location of the center of the
bearing reaction (see figure 19), Ry is the outside radius of casing, t is the
casing's wall thickness, Rp is the radius of the bolt centerline, and Q and M are
the shear and moment, respectively, acting at z = z.

The loads Q, M, and T (see figure 19) that are used in equations (1) and (2)
are the forces and moments per segment based on the spacing indicated in table 11.

In order for the joint to maintain compression, the bearing reaction in equation

(1) must be positive, since the interface can not support a tensile reaction.
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Also, it is preferred that the location, a, of the bearing reaction, Fr, be

positive (toward the centgrline) to ensure that the joint is in compression in
the seal region. Table 12 summarizes the location and magnitude of the bearing
reaction for the four bolt sizes considered. The larger the value of "a", the
closer the center of the bearing reaction will be to the 0-ring seal region.
Other geometry considerations are the weight and web thickness. The joint
weight can be estimated by approximating the joint segments as simple shapes,

computing volumes, and using a weight density of 0.283 1b/in3. These weight

estimates are not intended to be exact but are only to be used to assess one
design against the other. The nominal web thickness is estimated by computing
the mean chord length of a segment and subtracting out one nut diameter and .32"
for fillets. For web stress calculations, the web area is then approximated by
multiplying the web thickness by one nut diameter. This area is used to stiffen
the joint and transmit the axial load across the joint. The results of the
weight and web area calculations are given in table 13. The table shows the web
areas to be insufficient for bolt diameters of 1.00" and 1.125".

This design study indicates that a good design candidate would be 144-1.25"
bolts, which is the design analyzed in detail in the next section. This conclu-
sion was reached since the 1.25" bolt design w=i-hs less than the 1.375" bolt
design (by comp&rison, 18 percent less) and the net bearing reaction is larger
than for the other bolt designs.

Finite-Element Analysis

The approximate analysis using the simplified model of figure 19 led to a
configuration for further study using the finite-element approach. This section
presents and discusses the finite-element model, the boundary conditions,

applied loadings, stresses, and joint opening.
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Model Description. - In order to assess the response of the joint to the

applied loading, the finite-element model shown in figure 20 was developed. To
take maximum advantage of symmetry, a 1.25 degree wedge was used (about 1.59
inches of arc), which represents exactly 1/2 of a bolted segment. In the
vertical direction, a 28-inch long segment of the joint region beginning at the
flange interface was modeled. The 28-inch vertical height was chosen so that
the top of the model was sufficiently far from the flange to not be influenced
by the presence of the joint boundary conditions.
The primary components of the model are the shell, web, flange, and the
bolt and nut assembly. A summary of model's features is given below:
0 524 nodes
o 3 translational degrees of freedom per node
0 348 elements consisting of:
- 220 eight-node brick elements
- 44 six-node wedge elements
- 84 four-node membrane elements

Boundary Conditions. - Boundary conditions used in the analysis are shown in

figureFZO. Symmetry conditions were imposed on both the zero degree and the
1.25- degree faces such that no displacement could occur in the circumferential
direction at these nodes. The bolt nodes at the flange interface were
constrained in the axial direction.

Since nodes at the flange interface must be free to 1ift off the contact
surface but are constrained in the opposite (bearing) direction due to symmetry,
an iterative approach was utilized to insure this condition was met. Nodes at

the interface had to be capable of supporting bearing loads, but could not

24




resist tensile forces. To achieve this requirement for a given load case,
finite-element runs were repeated with axial boundary conditions at the
interface systematically changed until only compressive reactions existed and
nodes not in compression were free to lift off of the contact surface.

Applied Loads. - A 204,400 1b preload, as discussed in the last section, was

applied to the bolt. The preload was input into the model by enforcing an
initial strain condition on the shank section of the bolt. This preload was
verified by summing reactions of the bolt nodes at the flange interface, in the
absence of all other loadings.

After a converged solution for the SRB ignition load case was effected, the
bolt reactions were integrated and found to be 176,300 1b, which is approximately
a 14 percent reduction in the applied preload. This finding appeared to
contradict an expected increase in the applied preload. Further evaluation of
the finite-element displacement results revealed that this bolt unioading pheno-
menon was due to a Poisson effect that thinned the flange as it was displaced
outward in the radial direction; this effect is shown in figure 21. The far
right vertical line should represent the equilibrium position for the bolt-
flange coupled stiffness under a fixed applied axial load (neglecting any
Poisson effects). For this case, the bolt load does increase above the
preloaded value. However, since the flange is displaced out radially, which
causes a .002" thinning, the flange stiffness curve is shifted to the left the
same amount which does result in the 14 percent reduction in the bolt load due
to the strain reduction in the bolt.

The external loads (see loads section, page 8) applied to the model were as

follows:
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Internal Pressure: 1000 psi
Axial Load: 18 x 106 1b

The axial load includes the effect of a bending moment of 95.1 x 106

in-1b. The load, Th, attributed to the bending moment was taken to be the load
resulting from the bending stress if it were uniform around the entire
circumference, i.e.,

Tp = (M R/1) (27R t) = 2 M/R = 2.6 x 106 1b

where: M = bending moment
R = radius of cylinder
t = wall thickness
I = cross-section moment of inertia

It is noted that combining the axial load associated with the pressure of
1000 psi with the above load of 2.6 x 106 1b does give a total load in excess of
18.0 x 106 1b. However, reference 1 states that the maximum combined axial load
(including the bending moment effect) for any joint at any time is 17.8 x 106 1b.
This apparent discrepancy is thought to be due to the reference including a
compressive loading due to thrust. Hence, a total equivalent axial load of
18 x 106 1b was chosen for the finite-element analysis.

The axial load was applied to the model as an equivalent axial stress of
81,609 psi (i.e., 18 x 106 1bs/2 TRt). As stated in the load section on page 8,
the worst case from a stress standpoint was chosen for documentation. However,
there are load cases that can result in a larger gap at the inside edge of flange.

Limits on the gap due to these load cases are discussed in the results section.
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In addition to the internal pressure and axial loads, a vertical force, due
to the seals, of 500 1b/in was applied across the inside edge of the flange
interface by applying an equivalent pressure on the inner row of elements on the
flange bottom.

A1l pressure and stress loads were applied to the model as element
pressures acting on four-node membrane elements overlayed on the appropriate
solid elements. A graphic representation of the loads is displayed in figure 22.

Model Verification.- As a means of verifying the finite element model,

displacement and stress results in the far-field region of the model were
compared with classical thin-shell theory. These results are summarized in
table 14.
Results.- Results of the finite-elements analysis are presented below, and
include the following:
o deformed geohetny
o displacement contours (footprint) of the flange
o nodal axial stress contours
o nodal circumferential stress contours
Figure 23 shows the exaggerated deformation of the model under the applied
loading. Radial displacements are as follows:
o 0.314 inches at the top of the model
o 0.308 inches at the flange interface
o 0.156 inches at a height of 11.66 inches above the flange interface
Figure 24 shows the vertical displacement pattern on the bottom of the
flange. The maximum displacement on the inside edge of the flange interface is

0.0010 inch which represents a 0.0020 inch total gap. The maximum displacement
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on the outside edge of the flange is 0.0044 inch, representing a total gap of
0.0088 inch.

While the loading condition analyzed in this report produces the highest
stresses it does not necessarily produce the largest inside edge gap.
Therefore, an attempt was made to establish reasonable limits for the gap that
would cover all possible loading conditions. In order to do this, maximum
ranges on internal pressure and axial force were determined. The maximum
expected operating pressdre for the SRB is 1000 psi. In general, the axial load
consists of the tensile load caused by the internal pressure (PTRZ type of
loading), compressive loading due to thrust, and tensile or compressive loading
due to thé bending moment. Reference 2 gives the maximum compressive loading
due to thrust to be 3.5 x 100 and the maximum bending moment, as noted earlier,
from reference 1 is 95.1 x 100 in-1b.

The equivalent axial load, Tp, associated with the bending moment is:

Tp = (MR/I) (27R t) = 2 M/R = + 2.6 x 105 1b
Given a pressure and the information above, limits on the axial load at that
pressure can be determined by the following equation:

Axial load = PTRZ - thrust load + bending load
An upper limit on the axial load, at a given pressure, would occur with
minimum thrust and the maximum tensile load due to bending, i.e.,

Maximum axial load = PTR2 - 0 + 2.6 x 1060 1b
Similarly, a lower limit on the axial load would occur with maximum thrust
and the maximum compressive load due to bending, i.e.,

Minimum axial load = PmR2 - 3.5 x 106 - 2.6 x 100 1b
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These limits define an envelope wherein all loading conditions must fall.
Several finite element runs were made to determine the inside edge gap at
various boundary points on this envelope using the maximum internal pressure of
1000 psi and also at the pressure corresponding to the maximum Q condition,
which is 610 psi.

The results of this analysis showed that the loading which produced the
worst gap occurred at the maximum pressure and minimum axial load (1000 psi
pressure and 10.6 x 106 1b axial load). Under these conditions the total
inside edge gap remained less than 0.0035 inches.

Figure 25 shows contours for the surface nodal stress in the axial
direction viewing the outside of the shell. The maximum stress is seen to occur
in a localized region of the er. This is primarily due to the portion of the
axial shell load being transmitted down the web.

Figure 26 shows the axial nodal stress contours viewing the inside of the
shell. The area of maximum stress is in the region of highest bending.

Figures 27 and 28 show two views of the circumferential nodal stress
contours. The maximum stress is a stress concentration occurring at the edge of
the hole.

It should be emphasized that positive margins of safety exist everywhere
except in a few locally concentrated regions. Nodal stress results for these

concentrated stress points are summarized in table 15.

Discussion
While the the proposed design attempts to minimize the gap at the flange
interface, it does produce some regions with locally high stresses. Throughout

the analysis program, parametric studies were performed that suggest these high
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stress areas can be tailored to yield acceptable stresses. There does, however,
seem to be a consistent trade-off between stress levels and gap size. For
example, moving the bolt circle outward reduced the stresses somewhat but
resulted in a larger gap. Another model, in which the transition region was
lengthened, resulted in significantly reduced stresses, but also created a
larger gap. Reduced stresses and gap openings can be achieved by increasing the
shell thickness locally, in the region of the highest bending, but at the
expense of increasing weight.

Based on the various analysis results, in order to minimize the gap, the
shell transition needs to be as sharp as possible so that a larger percentage of
the axial load is transmitted down the outer portion of the web. The larger the
force transmitted down the outer edge of the web, the smaller the force
transmitted down the shell to the inside edge of the flange. This will develop
a larger bending moment across the flange, resulting in a tendency to close the
gap. By tailoring the thickness of the shell, web, and flange, a model meeting
all criteria for stress, gap, and weight should be possible.

It is noted that recent preliminary results from analyses of variations of
this design show significant reductions in stresses and essentially zero gap

(compression) over the entire O-ring sealing region.

AERODYNAMIC DRAG ANALYSIS
The design of the new field joint does not allow the joint to extend beyond
the SRB surface. Thus contribution to the overall drag load will approach zero.

The existing SRB field joint includes a step protruding approximately 0.88 inch
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into the free stream. The drag load on this existing step during a Shuttle
launch was computed by the equation

D =T [(r+H2-r2] (Pg-Pp)
where r is the SRB radius, H the step height, P the face pressure (windward),
and Py the base pressure (leeward).

The face pressure (windward) was computed using empirical data of the
pressure at a raised step within a boundary layer referenced to free stream
conditions (ref. 6). The base pressure (leeward) was computed from a correlation
of the local unit Reynolds number with a characteristic length based on the
boundary layer thickness and the step height. Thus the drag on the existing
field joint is based on pressure disturbances from a raised step within a
boundary layer. For the first field joint step located 50 feet from the leading
edge the drag was computed to be 2286 1bf based on a face pressure of 825.3 psfa
and a base pressure of 15.28 psfa.

For instance, at the maximum dynamic pressure of 650 psfa, the

corresponding free stream conditions were (local conditions were not available):

M = 1.42

P =  458.57 psfa

T = 392.1°R

n = 9.03 x 10-6 1bm/ft-sec
o = .021 1bm/ft3

v = 2378.3 fps

Rec = 3.2 x 106 ft-}
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where M was the Mach number, P the pressure, T the temperature, 1 the viscosity,
p the density, V the velocity, and Re. the Reynold's number per foot. Assuming
flat plate analysis, and that the local conditions were equal to the free stream
conditions; for the first field joint step of the existing SRB located 50 feet
from the leading edge, the face pressure was 825.4 psfa and the base pressure

was 15.28 psfa. Therefore, the drag was 2286 1bf where r = 73.071 inches.

MANUFACTURING

The SRB cases are made of D6AC carbon steel and are forged into the
segmented configurations required by the design. These forgings contain no
welds to assure that the full strength of the material is utilized. After rough
machining they are heat treated to a minimum yield strength of 180,000 psi and
an ultimate of 195,000 psi. The fracture toughness values ranged from 90 to 100
ksi inch. These forgings are produced by the Ladish Company in Cudahy, Wisconsin.
In order to convert from the current clevis-tang configuration on all the SRB
segments except the two end closure hemispherical domes, three forging dies must
be remade. Each of these dies are made from a 100,000 pound ingot supplied by
one of the larger US steel companies. The proposed SRB flanged motor cases can
be made from the present size ingots which weigh about 32,000 pounds. A signi-
ficant amount of retooling and setup is required in order to fabricate the new
cases. However, these are parallel efforts and would be accomplished during the
same calendar period. One additional machining operation on the case segments
would be required to rough machine the pockets in the flanges that join the two
segments together. This could be done at the Ladish facility in Cudahy,

Wisconsin, or at the prime machining contractor's plant prior to final heat
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treatment. An initial forging production of three motor case segments would be
made to check the design and manufacturing process.

No changes in the existing heat treatment would be required since the
thickness of the rough machined forging segments on the end are no greater than
the existing design. Some retooling and re-setup of existing tooling would be
required at the finish machining contractor's plant. An internal expanding
mandrel would have to be fabricated, some new handling fixtures and a setup to
drill the flanges from the ends as opposed to drilling from the sides. Also a
large five axis milling machine would be required to machine the pockets in the

flanges after final heat treatment.

QUALIFICATION TESTING

A comprehensive qualification test program is needed to assure that
possible hidden flaws in the in-line bolted joint design (or any other concept)
are identified before flight. A preliminary basis for such a test program was
developed. A two-phased approach to testing was determined to be desirable: (1)
establishment of criteria and (2) definition of specific tests. The objective,
reasons, and phase descriptions are presented below. The objective is to define
a series of tests and supporting analysis by which all STS components affected
by the SRB field joint redesign are fully qualified for manned flight. The test
environment should be such that the SRB imposes no additional constraints to
launch. Two reasons stand out to dictate an all encompassing test plan:

- The number of tests will not be large enough to establish a

statistical data base.
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- A1l factors and environments cannot be simulated in each test so
design integrity during qualification testing is necessary but not
sufficient.

The above reasons demand strong interaction between requirements,
predictive analysis and sub-scale and full-scale testing to assure that
conditions not simulated never become problems. A partial list of Phase I
qualification criteria for the redesign follows:

(1) Structural strength with 140% of expected load

(2) Seating prior to ignition

(3) No 0-ring damage during assembly

(4) No 0-ring errosion

(5) Load sequencing

(6) Redundant sealing

(7) Installation verifiable

(8) Reuse of motor case

(9) Seal must not leak

(10) Retention of sealing during ignition

(11) Allowable initial gap bounds

(12) Allowable final gap bounds

(13) Allowable maximum temperature range at O-rings

(14) Allowable circumferential flow at seal

(15) Functional predictability of joint
Criteria (10) through (15) are to be determined through developmental tests and

analysis.

34




In addition, developmental tests and analyses are required for early
determination of redesign qualification prior to committing to full-scale quali-
fication test hardware. The approach to establish the qualification criteria
for items 11 - 15 are presented on table 16. A phase Il test outline with

accompanying objectives and descriptions, is contained in table 17.

ASSEMBLY FIXTURES

Assembly of the SRB case segments will always be a problem due to out-of-
roundness of the mating surfaces. This problem will be inherent in any design
because of the thinness of the pressure shell and flanges relative to the
diameter. Assembly requirements were studied in detail and a solution was
developed that will assure safe assembly of the in-line bolted joint concept.
This section describes the preliminary design of an assembly fixture to minimize
the out-of-roundness of the SRB joint. The fixture, called the SRB joint
circularizer, is described along with the assembly process.

Two main guidelines governed the design of the circularizer. The first is
that the strongback should deflect on the order of one-tenth that of the SRB
shell, and secondly the jacks should be capable of deflecting the SRB shell
approximately 1 1/2-inches on the diameter. Figures 29 and 30 show a plan view
and section view of the circularizer, respectively. Figure 31 is a drawing of
the alignment pins. A description of the SRB joint circularizer components is
given below:

The SRB joint circularizer consists of six main components: (1) the
segmented strongback, (2) the jack supports, (3) the jacks, (4) the jack ends,
(5) the circular template, and (6) the alignment pins. A description of the

components is listed below:
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1. The segmented strongback consists of twelve sections made of
one W12X53 beam and two C12X25 channels welded together to
make a box beam. The twelve segments are joined by either
welded or flanged joints. At least two opposite joints would
be flanged for ease of setup.

2. The jack supports consist of three 1l£-inch diameter extra
strong pipes welded to a base plate. Twelve of these supports
are then bolted to the joints of the strongback.

3. There are three jacks at each of the twelve strongback joints
for a total of 36 jacks. Each set of three jacks has a hand
pump valved in such a way that the three jacks can be pumped
individually or simultaneously.

4. The jack ends consist of an upper and lower section which are
tongue and grooved together to slide in the radial direction
when the circularizer is assembled. The upper section connects
to one jack and has two-inch bearings on each side.

The lower section connects to two jacks and has an upper and
Tower hard rubber pad.

5. The circular template is a plate with the outer bottom surface
machined to match the lower flange face within the design
tolerances. It also has stiffening webs and 1ifting lugs.

6. The alignment pins are unthreaded studs with a taper at the
end to account for any circumferential or radial misalignment

of the bolt holes.
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The purpose of the assembly process is to assure that the SRB cases are
true circles and provide controlled guidance as the cased segments are brought
together. The steps necessary to safely accomplish the SRB case assembly are
listed below:

(1) Assemble strongback around the SRB and place around joint

(2) Align 2 opposite jacks at the maximum diameter of lower

- flange segment
(3) Place circylar template over face of lower flange
(4) Load opposite jacks until flanae face matches the circular
template (figure 32)
(5) Remove the circular template and put seals into place
(6) Lower the upper booster segment and adjust alignment pins to
match lower segment bolt holes (figure 33)
(7) Load upper jacks until the reference face of the jack
meets with the lower flange and slip the joint into place
(8) 1Insert and pretorque as many flange bolts as possible
(9) Retract the jack and 1ift the strongback up to the next
assembly joint
(10) Insert remaining flange bolts and tighten all nuts to maximum torque
Some considerations for a final design might include computer control of

the jack system and an extension of the acting length of the alignment pins.
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CONCLUDING REMARKS

A conceptual design of an alternate Shuttle Solid Rocket Booster (SRB) field
joint has been developed which meets the objectives for a safe, reliable and
analyzable joint. The design that was selected, from various others considered,
is an In-Line Bolted Joint concept. This design incorporates two flanged face
seals that are seated and preloaded by bolts at installation and remain seated
throughout flight. Internal insulation protects the seals from hot gases and the
outside of the SRB case joint is protected from aerodynamic heating by a cork
covering.

This concept has been shown by analysis to be structurally and thermally
satisfactory. The conceptual design contained in this report has not been
optimized however, further refinements of the design should show that:

(a) The flange seal gap can be closed completely

(b) A1l stresses can be reduced to more acceptable levels

(c) Weight can be reduced significantly

Verification testing of the design is straightforward and the manufacturing
techniques are within the capabilities of the SRB vendors but will require at

Jeast a 12-month impact to the current STS program schedule.

38




(133W 1SNW) INJWIHINOIY ALlI4VS.
379V1IVIIA3Id ATTVITLATTYNY ST INIOP

1d3INOD N3IAOY¥d NO 03SvE ST NIIS3C

(374W3SSY ATISVY3 SI LINIOP

LH9T3M TYNOTLIUUY QG3IZIWINIW N9IS3C

GIZIWINIW ST NOILVTIVISNI NO 39¥Wvd 1v3S IVILN3L0d
A3ZIWINIW ST S7V3S 40 dv3IHY S3ITLIAV]Y 40 3ZIS

INIOr 40 ALTTIGYSN3Y 13344V LON S300 N9ISId
QIZIWINIW ST dVv9 1v3S 40 ININ3dO

d3L1V3IS NIVW3Y ANV NOTLVTIVAISNI LV d31v3S ¥V S7Iv3S
S3SvV9 10H WOY¥4 @313310¥d Fyv SIv3IS

3ZI71LR ST JHYMAYVH ONILSIX3

Tv3S INVANNG3Y SYH INIOP

JT4VI4TYIA ST ALIY93LINT NOTLVTIVLISNI

VIYILI¥I) NOTLVAIVAd N9IS3Qdd T J1dvi

1!

11

*01

“le

‘Te

39



ISH 09 HL9NIYLS

JLVWILTIN HLIM SYINILSYH LSZ°T-twhT SISA 1d3INOD INFYEND

*S47 GhGe LM INIOT
*S47 0h0g ° 1M LINIOF
TIVWS 001 v3IdvV 43M

TvJIILIVYd LON

SINJWWO

SISATYNY 1300W N9IS30 40 S1INS3Y

(o0T°£)9TT

(006 C)hhl

(000°¢)08T

(055°T1)C8C

INTIVdS
a341no3y °ON

VAR
«08C°1
FETAR
»000°T
—J71S
KELENRY £

*¢ 34Vl

40




1Sd 000T “Y¥3L3WVIA 8/«

~080°-5/0°

W3S/NI/871/0S5h

238
T{-7) ¢-01

»ST10°-4£T10°

43A1IS

40,0081 01 Jo5Ch-

.6/0°-090"

Tv3S/N1/S471 0052
73S

IR-7) ¢-01

#110°-,600°

43NS

4,008T 01 d4,9¢h-

,080°-850"

W3IS/N1/SE7 05-5¢
23S

3H-77 1-01

£$10°-.800°

ERYEL B!

4,00t 01 4,0¢-

3733Nn0S

avo13yd

A1vy vI

«dV9 3AVHOTTIY

INVIIYENT 40 9NILVOD

JYN1VYIdW3L 379VMOTTY

81/ TANOINI 8T/ TINOINI NOLIA TVIY3LVW
mz—m u wz—mltOt wz-z tOt
JITIVLINW JITIVLIIN IN3S3Nd

NVEN

"¢ 314vl

41




42

(*97 Zh6) N9IS3IA 1-TS ONILSIX3 JHL ¥3A0
JWNT0A TYNYILNT ¢NI 00£°ST S3IIVI4SIQ INIOM @3L7108 3INITINI H¥S HIVI ¢

(SINIOP 8) LH9I3M VYNLINYLS 40 SANNOd whG L SNIVY 4¥S HIVI °¢

LH9T3IM 317¥N27v¥D 01 G3Y3IAISNOD INIOF LN3W93S 3SYI 30 3IAIS HIVI NO CT °I

‘310N
¢hb INIOF ¥3d 1vi0l
8ch S6h 9 KELENRY £
STS 0TLC S6T°¢C INTOP
ERLEREEEMU INIOP N9ISIa 1-Ts
31709 3INITINT 9¥S

(SANNOd)
NOSIYVdWOD LHO9I3M VHALINYLS

NOSIYVdWOD LHOT3IM TVUNLINYLS ~°h F1EVI




UNLYYIdWIL
WOOY 1V do - 23S - NI/N1g 80°2
14,0009 1V do - 23S - NI/Ni9 ssh°S

JUN1VYIdW3IL WOOY LY do - 817019 T°
10,0009 1V do - 41/n1¥ 68°

ELIIRXELTEN
WOOY¥ L1V 23S - NI/497 9-3 88°1
400009 1V J3S - NI/47 9-3 68¢°§
hT°1
69°8¢
cihe
ISd 0001

40,0009

S311¥3d04d SV9 4yS

ALTATLINANOD TVWY3HL

34NSSI¥d LNVISNOI LV LV3IH JI141I3dS

ALISOJSIA
S1V3IH J14133dS 40 OI1vY

1HIT3IM ¥YINIFTI0M

43IGWAN T1AONVYd
FUNSSIYd

JUNLVYEIdW3L

*S 314Vl

43




JENLYHIINTL WOOYH

-g

JENLYHIINTL A9 JILIOISAVYNN -V

M:\O. - mQQ. mm\/\.N.m 0O NOLIA
110" - 600° vINIY L.0O. TTVLIIN
5/0° - ¢£10° ONIY D, TIVILIIN

FIGVYMO TV
dV9 XV

JdAL
HILINWVIT

w3s
W8/%

Sdv9 IF1GVMO TV

9 J1gv.i

a4




3YNLVIIdWal

WOOY 1V NOILDO3V¥IA T37TV¥Vd NI ¢ <dJd3d WO¥d 3¥Vv S311d3d40d¥4 (2)

S311¥340¥d IVIYILVW ¥IHLIANG ¥0d4 G ANV °f ‘¢ S3IONI¥343IY 335 (])

(¥313W0¥NA)
9/ SSINAYVH
0¢T L°8/ 06 NI Is¥ 731y
8000° 1 | L°6¢ b°¢g¢ 0¢ g-0T X Isd 3
001¢ 1sd ‘nsy
G/ ST¢ ¢9¢ 081 Isd ALy
ST6T G°¢l 59¢ ¢/l 561 Isd ‘nig
ko) B D S
wseY3 J11ON3Hd 81/
TOSAH NOLIA d3070W { VINOINI | NSEZdMW vad
Z2) (1)
STVIY3ILVW TVENLINYLS </£ 14Vl

45




TABLE 8 - NUT GEOMETRY AND BOLT STRENGTH DATA

Bolt Dia Nut Dia Nut Height Bolt Strength
(in) (in) (in) (ksi)
ND NH
1.000 1.88 1.40 186.0
1.125 2.10 1.57 234.0
1.250 2.36 1.75 292.0
1.375 2.61 1.93 333.9

TABLE 9 - JOINT GEOMETRY DATA

Bolt Dia Rp Rj Flange width
(in) (in) (in) Ro-Rj (in)
1.000 72.110 70.532 2.52
1.125 72.000 70.312 2.74
1.250 71.873 70.057 2.99
1.375 71.745 69.802 3.25

TABLE 10 - JOINT DESIGN LOADS

Bolt Dia

2=4 .5*NH

Q

0 Mo To

(in) (in) (1bs/in) (in-1bs/in) (1bs)
1.000 6.30 235/.0 5553.0 18E6
1.125 7.06 2357.0 5553.0 18E6
1.250 7.88 2357.0 5553.0 18E6
1.375 8.79 2357.0 5553.0 18E6

Qo and My are 50% of the totally fixed reaction
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TABLE 11 - REQUIRED JOINT BOLTS

Bolt Allowable Minimum Required Number of

Dia load/bolt Number of Number of Bolts Used

(in)  (kips) Bolts Bolts (spacing)
P1

1.000 130.2 139 208 232 (1.55°)

1.125 163.8 110 166 180 (2.10°)

1.250 204.4 89 133 144 (2.50°)

1.375 233.7 78 116 116 (3.10°)

TABLE 12 - BEARING REACTION SUMMARY

Bolt dia a Fr

(in) (in) (1bs)

1.000 0.268 53614.0

1.125 0.386 63800.0

1.250 0.511 79400.0

1.375 0.786 78528.0

TABLE 13 - JOINT WEIGHT ESTIMATES

Bolt dia Web Area Weight Estimate *

(in) (in2) (1bs)

1.000 -0.50 2416.0

1.125 +0.22 2814.0

1.250 +1.17 3029.0

1.375 +2.66 3543.0

* weight 1s based on 24" long segments




Table 14 - MODEL VS. THEORY

DESCRIPTION THEORY MODEL
Radial deflection 0.313" 0.314*
Axial stress 81,609 psi 81,692 psi
Circumferential stress 151,505 psi 155,430 psi

TABLE 15 - SUMMARY OF LOCALLY CONCENTRATED STRESS POINTS

Maximum Nodal Stressl

Model Axjal Stress Circumferential Stress
Component (psi) (psi)

Shell 214,4522 175,369

Flange -159,210 358,8603

Web 230,1634 85,426

Notes: (1) Based on maximum average nodal stresses
(2) Geometric discontinuity bending stress on the
inside of the shell near the transition.
(3) Stress concentration at the edge of the bolt hole.

(4) Concentrated tensile stress on the outer edge of the web.
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SOLID ROCKET BOOSTER
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Figure 13. External fairing adhensive footprint.
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Figure 14. Schematic of NBR liner shrinkage profile.
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UNDEFORMED GEOMETRY

DEFORMED GEOMETRY
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Figure 23. Undeformed/deformed geometry.
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